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CONVERSION FACTORS

Multiply

By To obtain
cubic foot per second (ft¥/s) 0.02832 cubic meter per second
foot (ft) 0.3048 meter
inch (in.) 25.4 millimeter
mile (mi) 1.609 kilometer
square mile (miz) 2.590

square kilometer

Degree Celsius (°C) may be converted to degree Fahrenheit (°F) by using the following equation:

°F =9/5 (°C) + 32.

Degree Fahrenheit (°F) may be converted to degree Celsius (°C) by using the following equation:

°C =5/9 (°F-32).

Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived from
a general adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Level Datum of 1929.
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Analysis of Well Logs for Borehole ANL-OBS-A-001
at the ldaho National Engineering Laboratory, Idaho

By Frederick Paillet and Don Boyce

Abstract

Geophysical well logs run under five different
casing conditions during the drilling and removal of
casing from borehole ANL-OBS-A-001 at the Idaho
National Engineering Laboratory are presented with
depth-adjustment for correlation with detailed core
descriptions. Borehole televiewer image logs provide
useful information regarding the details of fractures
and basalt interflow openings in situ, and allow the
proper positioning of fragmented core or recovered
core sections where short intervals have been lost.
Borehole flow logs indicate the specific features
described on core and indicated on geophysical logs
that are associated with inflow to or outflow from the
borehole under ambient hydraulic head conditions.
Acoustic logs and a short interval of acoustic wave-
form log data are used to evaluate the results from shear
suspension logging as part of a seismic properties study
designed to measure compressional and shear velocity
at a scale of investigation larger than that associated
with acoustic logs. The acoustic transit-time logs give
measurements of acoustic transit time that agree with
those from the suspension logging, except in the inter-
val below 1735 feet in depth where the near receiver
data obtained in the suspension logging were not reli-
able. However, comparison of waveforms obtained
from the acoustic and suspension logging probes indi-
cates that shear velocity estimated from the suspension
log waveforms may underestimate formation shear
velocity. This result is attributed to the known differ-
ence between shear wave group velocity and formation
shear velocity for the suspension logging system.

Introduction

Core sample descriptions, geophysical well logs,
and hydraulic measurements in boreholes are all
accepted methods for characterizing aquifers in situ.
Each method has specific advantages and drawbacks.
For example, core description provides detailed and

direct evidence of rock properties, but core recovery is
often incomplete, and recovered samples are subject to
damage and desiccation. Geophysical logs provide a
complete and continuous sample of the formation adja-
cent to the well bore and usually provide information
on the undamaged formation in situ, but logs provide
measurements of properties such as gamma emission
or electrical resistivity that are only indirectly related to
properties of interest such as mineralogy and hydraulic
conductivity. Hydraulic measurements are designed to
provide information about aquifer properties of inter-
est, but are influenced by the open borehole, or depend
upon careful selection of isolation intervals. Even
when sophisticated packer assemblies are used to iso-
late sampling intervals, previous movement of ground
water along the open borehole can contaminate sam-
pling zones.

In this report we describe the integration of
results obtained from core description, geophysical
well logs, and limited hydraulic and water-quality data
obtained from fluid column resistivity and high-resolu-
tion flowmeter measurements in an open borehole
(ANL-OBS-A-001) at the Idaho National Engineering
Laboratory. Our intent is to produce a data set based on
the depth correlation of all of these data containing
information that would not be given by analysis of each
data set alone. These results may be used by Argonne
National Laboratory scientists in future monitoring,
water sampling and hydraulic testing in borehole ANL-
OBS-A-001 and other adjacent boreholes. The report
also identifies specific locations where apparent dis-
crepancies between details of logs, flow data, and core
descriptions indicate further analysis may be needed to
resolve these inconsistencies. Finally, we compare
acoustic waveform logs obtained with a conventional
waveform logging system with those obtained by a
sophisticated shear wave logging system. Both wave-
form logging approaches measure the compressional
and shear velocity of the rocks adjacent to the borehole,
but each uses different acoustic source mechanisms,



and each involves different scales of investigation. We
document the depth-adjusted comparison of these two
data sets because the information obtained at different
scales may provide useful insights when compared to
core descriptions for the same depth interval.

Drilling and Logging Operations

The location of borehole ANL-OBS-A-001 is
shown in figure 1. A summary of drilling and logging
events is given in table 1. Borehole ANL-OBS-A-001
was drilled in stages, and collapse of materials from
rubble zones between basalt flows was a constant haz-
ard during drilling. The first stage consisted of drilling
an approximately 4-inch-diameter corehole to water
level at about 640 feet in depth, enlargement of the
corehole to about 8 inches in diameter, and installation
of a plastic casing with 4-inch inside diameter. Prelim-
inary caliper and gamma logs were obtained in the
corehole before enlargement and installation of casing
under the open hole conditions indicated as logging run
1 in figure 2 and table 1.

Coring was continued in the cased borehole to a
depth of about 1735 feet. At that time the hollow drill
stemn was left in place to serve as a casing, and drilling
continued to a total depth of about 1910 feet using a
slightly smaller diameter drill string inside the 3-inch-
diameter casing. At the completion of drilling, logging
run 2 was performed (gamma and neutron logs) inside
the hollow drill stem under the casing configuration
indicated in figure 2. The drill string was then with-
drawn, and open hole logs (gamma, acoustic, shear sus-
pension, resistivity, temperature, fluid conductivity,
caliper, televiewer, and flowmeter logs) were run in the
open hole below 1735 ft in depth (logging run 3; fig. 2).

After the lower open borehole was logged, the
driller attempted to provide open hole logging in the
cased interval by withdrawing casing in stages. How-
ever, casing could not be withdrawn from the interval
immediately above 1735 feet in depth. The casing was
cut at several locations between 1735 and 1200 feet in
depth, and logging performed in two stages as casing
was removed. The first stage allowed open hole log-
ging from the casing cut at 1190 feet to the bottom of
casing at 860 feet (caliper, gamma, acoustic, shear sus-
pension, resistivity, fluid resistivity, temperature, tele-
viewer, and flowmeter logs) in logging run 4 (fig. 2).
The second stage of casing withdrawal allowed logging
from 860 feet to water level near the bottom of the plas-

tic surface casing (caliper, gamma, shear suspension,
resistivity, fluid resistivity, temperature, televiewer,
and flowmeter logs; logging run §, fig. 2).

Geophysical Logging Equipment

The geophysical logging equipment run by the
U.S. Geological Survey in borehole ANL-OBS-A-001
provided a full suite of conventional geophysical logs.
These logs included gamma, long and short normal
resistivity, single point resistance, acoustic transit-
time, temperature, fluid resistivity, caliper, heat-pulse
flowmeter, and borehole televiewer logs. All of these
logs except the flowmeter and televiewer logs were
provided as digital files of data in the form of physical
measurement and depth at which the measurement was
made, given at 0.1 foot depth intervals (Keys, 1990).
The televiewer log data were provided as photographic
images of the pattern of acoustic reflectivity of the
borehole wall (Paillet, 1993; Paillet and others, 1987).
The flowmeter data were provided as lists of vertical
flow along the borehole at discrete depth locations
(Hess, 1986; Paillet and others, 1987). A summary of
log measurements, tool specifications, and standard
applications is given in table 2. A summary of tele-
viewer image data presentations used in this study is
given in figure 3. Additional information on the inter-
pretation of geophysical logs in ground water studies
can be obtained from a number of textbooks and man-
uals, including Keys (1990), Hearst and Nelson (1985)
and Paillet (1993).

Although the U.S. Geological Survey acoustic
logs were not expected to provide more information
about formation properties than would be given by
gamma, neutron, and resistivity logs, the acoustic logs
were run for comparison with shear suspension logs
run at the same time as part of a seismic properties
study. The shear suspension logging system is
designed to provide information about both compres-
sional and shear velocity of the formation adjacent to
the borehole at a scale somewhat larger than that asso-
ciated with conventional acoustic logs (Kitsunezaki,
1980; White, 1983). A comparison of the characteris-
tics of the conventional acoustic and shear suspension
logging systems used in this study is given in table 3.

2  Analysis of Well Logs for Borehole ANL-OBS-A-001 at the Idaho National Engineering Laboratory, ldaho






Table 1. Chronology of events Y

Date Event

6-30-94 Drilling started

7-13-94 Completion of first increment of corehole.

7-14-94 Logging of upper corehole (caliper, gamma; logging run 1).

8-03-94 Upper corehole reamed and casing cemented.

8-18-94 Coring resumes below 650 feet in depth.

1-11-95 Coring completed at total depth of 1910 feet below land surface.

1-11-95 Neutron and gamma logs run inside drill stem over entire borehole (logging run 2).

1-23-95 Shear wave logging performed in open borehole below 1735 feet in depth (logging
run 3).

1-24-95 Open-hole geophysical logs were run in open borehole below 1735 feet in depth (log-
ging run 3).

1-26-95 Open-hole geophysical logs run over interval from 1190 to 860 feet in depth after par-
tial removal of casing (logging run 4).

1-26-95 Open-hole geophysical logs run over interval from 860 to 650 feet in depth after addi-
tional casing removed (logging run 5).

2-09-95 Borehole ANL-OBS-A-001 completed as observation borehole.

4  Analysis of Well Logs for Borehole ANL-OBS-A-001 at the Idaho National Engineering Laboratory, Idaho
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Table 2. Summary of geophysical equipment used to log borehole ANL-OBS-A-001.

[ft, feet; kHz, kilohertz; MHz, megahertz]

Log type

Specifications

Property measured

Conventional

application

Caliper

Gamma

Neutron

Normal resistivity

Single-point resistivity

Acoustic transit-time

Temperature

Fluid resistivity

Televiewer

Flowmeter

Shear suspension’

Three 3-inch arms

Nal Crystal

He (thermal) detector

16 and 64-inch spacing

Cifferential electrodes

35 kHz source
3 ft spacing

Fluid column measure-
ment

Fluid column measure-
ment

1.25 MHz

3 rps scan

Heat-pulse flowmeter

5 kHz dipole source

Borehole diameter

Gamma activity

Neutron flux attenua-
tion

Formation resistivity

Bulk resistance

Acoustic velocity

Borehole fluid tempera-
ture

Borehole fluid resistivity

Borehole wall image

Net borehole flow

Formation shear veloc-
ity

Fracture identification

Stratigraphy and lithol-
ogy

Porosity

Lithology and porosity

Fracture identification

Lithology and porosity

Borehole flow and
water quality

Borehole flow and
water quality

Fracture identification

Entry and exit points for
flow

Seismic rock properties

1. This log run by a private contractor; all other logs were run by the U.S. Geological Survey.

6 Analysis of Well Logs for Borehole ANL-OBS-A-001 at the Idaho National Engineering Laboratory, idaho



EXPLANATION OF TELEVIEWER LOGS

f Isolated planes intersecting borehole;
robably open fractures.
gy p Y op

% Fracture zone composed of several parallel
and intersecting fractures.

o Faint discontinuous planes intersecting
TR borehole; probably foliation in greenschist.

Large opening intersecting borehole; shape
of top of opening may indicate orientation.

Intensely fractured and altered rock;
orientation of individual fractures difficult
to determine.

Bottom of casing above open borehole.

Top of fluid column in open borehole.

Lowermost interval of borehole inaccessible
to televiewer.

Figure 3. Explanation of televiewer log image data.
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Table 3. Comparison of specifications for shear suspension and conventional acoustic logging probes
described in this report.

{kHz, kilohertz; ft, feet]

Source Receiver Separations
Tool type Source type
frequency Near Far
Shear suspension  Dipole’ 5 kHz 7.5t 10.3 ft
Conventional Monopole? 34 kHz 2.0 ft 5.0 ft
acoustic

1. Dipole source is characterized by a nonaxisymmetric forcing in the borehole with very little net volumetric dilatation; such
sources excite more shear vibration and less compressional vibration adjacent to boreholes than sources where there is substantial dilata-

tional motion (Kitsunezaki, 1980; Chen, 1988).

2. Monopole source is the conventional borehole acoustic logging source; this source produces an axisymmetric forcing of motion
which consists of an alternate expansion and contraction of a magnetostrictive or piezoelectric transducer. Such source excitation is mostly
dilatational and therefore excites strong compressional waves in the formation around the borehole, although shear motion may also be
induced, with shear amplitude dependent on the seismic properties of the formation and the annulus width between logging tool and bore-

hole wall (Paillet and Cheng, 1986; White, 1983).

8  Analysis of Well Logs for Borehole ANL-OBS-A-001 at the Idaho National Engineering Laboratory, Idaho



DEPTH ADJUSTMENT OF BOREHOLE
MEASUREMENTS

Most borehole depth measurement systems pro-
vide depth measurements to within an accuracy of bet-
ter than 1 percent. Although this seems to be a very
precise measurement, different depth measurement
systems have slightly different degrees of error, and
depth reference points can sometimes differ by a few
feet. When boreholes are more than several hundred
feet deep, very small depth errors can amount to more
than 1 foot even when there are no surface reference
point differences. Because most logging tools have a
sample volume about 1 foot in diameter, depth scale
differences of 1 foot or more can cause two different
measurements at the same nominal depth to refer to dif-
ferent sample volumes. These errors are overcome in
geophysical log analysis by correlating different logs
and geological descriptions so that the pattern of geo-
physical log variation is correlated with the series of
geologic properties described for core. In the data cor-
relation described in this report, we use the pattern of
geophysical log variation with depth to correlate logs
and core description by matching marker beds and the
contacts between basalt flows. Marker beds in the form
of clay-mineral rich sediments and the prominent con-
tacts between certain basalt flows are readily recog-
nized on both the core and the logs. We have used the
depth scale given by the one logging tool used to col-
lect the largest number of logs (a multi-function log-
ging probe giving gamma, resistivity, single-point
resistance, temperature, and fluid resistivity logs) as the
nominal depth scale for the depth adjustment. All other
data, including caliper, neutron, televiewer logs, core
descriptions, and heat-pulse flowmeter measurements,
have been adjusted to give the best correlation with
these logs. After completing the adjustment, the corre-
lated data set allow us to unambiguously associate a
given geophysical log response or a given amount of
inflow to the borehole with specific features identified
on the televiewer image log, or indicated on the core
description. Because the maximum depth shift
required for the correlation was less than 15 feet over a
total depth of about 1900 feet, the depth scale given on
the log composites is considered to be accurate to
within 1 percent.

Selected geophysical logs (gamma, neutron,
resistivity, fluid resistivity, temperature and caliper
logs) are compared to a generalized drillers log for
borehole ANL-OBS-A-001 in figure 4. The drillers log

notes those intervals where unstable borehole condi-
tions affected drilling. The gamma and neutron logs
were obtained on logging run 2. The temperature and
fluid resistivity logs were obtained on run 3 with only
the interval below 1735 open to the formation. The
other logs given in figure 4 were obtained as discontin-
uous intervals on logging runs 3, 4, and 5. More
detailed correlation between geophysical logs (gamma,
neutron, acoustic, resistivity, fluid resistivity, tempera-
ture, caliper, and televiewer logs), core descriptions,
and flowmeter data are given in figures 5, 6, and 7 for
the intervals logged on logging runs 3, 4, and 5. These
composite figures are constructed with data presented
so that logs most often interpreted in terms of forma-
tion lithology (gamma, neutron, and resistivity) are on
the left of the figure; the logs most often interpreted in
terms of fractures (caliper and televiewer) are com-
pared to the core description in the center of the figure;
and the logs most often interpreted in terms of borehole
flow (fluid resistivity and temperature) are compared to
the flowmeter data on the right of the figure.

ANALYSIS OF BOREHOLE FLOW
MEASUREMENTS

Open boreholes in basalt flows such as those
penetrated by borehole ANL-OBS-A-001 provide
hydraulic connections between previously isolated
fractures and rubble zones between solid flows. Ambi-
ent hydraulic head differences between these perme-
able openings can induce flow along the borehole.
Measurement of these flows indicates those features
associated with inflow to and outflow from the bore-
hole. The ambient borehole flow also indicates the
depths where water sampled from the borehole fluid
column entered the borehole. High-resolution bore-
hole flow measurements were made in borehole ANL-
OBS-A-001 with the U.S. Geological Survey heat
pulse flowmeter. This device can detect flow as small
as 0.01 gallon per minute (Hess, 1986; Paillet, 1993).

Measurable flows were detected in borehole
ANL-OBS-A-001 during logging runs 3, 4, and 5 (figs.
5, 6, and 7) under the casing configurations indicated
for these logging runs in figure 2. The flow regime in
the lowermost open hole interval logged consisted of
inflow near 1810 feet in depth, and outflows near 1760
and 1835 feet in depth (fig. 7). Note that downflow
from permeable intervals above 1735 feet was pre-
vented by the solid casing present above that depth at
the time of logging.



DEPTH, IN FEE1 BELOW LAND SURFACE
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Figure 4. Gamma, neutron, short normal resistivity, fluid resistivity, temperature, caliper, and driller logs for bore-
hole ANL-OBS-A-001.
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The flow regime during logging run 4 consisted
mostly of downflow from a permeable opening near
940 feet in depth (about 80 feet below what was then
the bottom of casing) (fig. 6). This downflow was aug-
mented by additional inflow at other openings (mostly
basalt flow contacts) in the interval from 1000 to 1090
feet in depth. The flow continued into the borehole
below a constriction at about 1150 feet in depth which
prevented access by all logging tools except for the
slim caliper tool. The exit point for this downflow
could have been the large opening just below 1150 feet
in depth indicated by the caliper log, or the open hole
below the interval of casing from 1190 to 1735 feet in
depth. The flowmeter log also indicated a short inter-
val of upflow (910-940 ft). Again, potential inflow
from intervals above 860 feet in depth was prevented
by the presence of casing during logging run 4.

The flow regime during logging run 5 consisted
of inflow from a permeable opening near 710 feet in
depth, additional inflow from another opening near 740
feet in depth, and outflow into the open borehole below
840 feet in depth. The downflow could not be traced
below 840 feet in depth because borehole conditions
limited tool access below that depth. There was also a
short interval of upflow from 670 to 710 feet in depth.
All of these flow data are consistent with a large-scale
regime characterized by decreasing hydraulic head
with depth, and a heterogeneous distribution of fracture
and interflow permeability.

CORRELATION OF GEOPHYSICAL LOGS
WITH CORE ’

The correlation of geophysical logs with core is
givenin figures 5, 6, and 7. The figures generally show
that most of the basalt flow tops and bottoms indicated
on the core description are shown on the televiewer
image log. The flowmeter measurements allow identi-
fication of inflow and outflow to the borehole under
ambient hydraulic head conditions, and the association
of those inflow and outflow points with specific fea-
tures indicated on the logs. A detailed discussion of
features which correlate across the logs and core
description is given as follows, with the description
keyed to upper case letters given on the figures sequen-
tially from the top of figure 5 to the bottom of figure 7.
These comments are by no means all of the correlations
between logs and core that might be of interest, but
they serve as examples of the way in which the two
classes of data can be integrated, and point out a few

places where minor discrepancies between log and core
need to be reconciled.

A. Although the top of this basalt flow is indi-
cated on the core description, a prominent horizontal
feature that looks like a flow contact is shown by the
televiewer log in the center of the flow.

B. This flow contact appears more complex than
a simple planar contact, and seems to correspond with
a rubble zone that may contain altered clays. That con-
clusion is supported by a weak gamma high and lows
on the neutron and resistivity logs, each of which may
indicate the presence of clay minerals.

C. Another major horizontal break shown on the
televiewer log, but not on the core, apparently contains
altered clays, as indicated by the neutron and resistivity
logs. This opening, or the flow contact just below, is an
outflow point for water moving up the borehole, as
indicated by both the discrete flowmeter data and the
change in the fluid resistivity profile.

D. The top and bottom of this basalt flow appear
to be slightly off on the core description, perhaps due
to a short core loss because the televiewer depth scale
is continuous in this interval. The breaks within this
flow are clearly the source of the inflow to the borehole
under ambient conditions.

E. This prominent feature does not correlate
very well with the basalt flow bottom, but is another
source of inflow to the borehole.

F. Some of the horizontal features shown on the
televiewer log correlate very well with the tops and
bottoms of basalt flows on the core, but one prominent
horizontal feature does not.

G. The basalt flow tops and bottoms correlate
well on core and televiewer, while the low values on
resistivity and neutron logs and the high value on
acoustic log indicate altered clays or borehole enlarge-
ment and cycle skipping for the thin clay bed. The low-
ermost opening in this interval is a major outflow point
according to both flowmeter and fluid resistivity logs.

H. The basalt flow contacts on the core appear as
three parallel contacts on the televiewer and corre-
spond to a major inflow point.

I. Although this feature is shown as a basalt flow
contact on the core description, it is clearly a complex
feature on the televiewer log, which corresponds to
resistivity and neutron log lows indicative of altered
clays or to borehole enlargement on the caliper log.
Although the caliper indicates a big opening in the
borehole wall, only a small amount of flow actually
enters the borehole here.
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J. The basalt flow contact at the bottom of this
interval is very apparent on the televiewer log, but
there seem to be other planar openings within the flow.
The other logs indicate some altered clays may be asso-
ciated with all of these openings, indicating that the
interior of this flow is somewhat different from the
interior of the thick flow just above.

K. The televiewer only weakly expresses the
basalt flow contact (if at all), while there is a prominent,
steeply dipping fracture just below. One of these two
features is a major conduit for inflow to the borehole.
If the flow comes from the fracture, the orientation of
the fracture with respect to the ambient stress field may
indicate something about the relationship between state
of stress and regional permeability. The other logs
indicate some clay alteration may be present.

L. The basalt flow contact on the core corre-
sponds with a major, steeply dipping fracture on the
televiewer log with about the same strike and some-
what more dip than the fracture discussed above.

M. The log signature here is unusual. The
acoustic log indicates mostly solid rock, while the
resistivity and neutron logs indicate major clay content
or porosity. This is an indicator of cavernous perme-
ability. The acoustic energy could propagate up the
intact side of the borehole while the neutron and resis-
tivity logs may indicate a large opening intersecting
only one side of the hole. A possible explanation is that
the outside of the hole “grazes” some kind of opening,
which would not be detected in the core. A large
“opening” is indicated on the north side of the tele-
viewer image. This opening may be the outlet for the
flow which exits in this depth interval.

N. This clay bed on the core closely correlates
with a horizontal bed on the televiewer log, and with
clay indicators gamma, neutron, and resistivity logs.
However, it is unusual that the acoustic log does not
show any anomaly corresponding to the anomalies on
the other logs. '

O. This basalt flow is broken into rubble accord-
ing to the televiewer log, which corresponds to a strong
spike of cycle skipping on the acoustic log. The lack of
a gamma anomaly and the weak resistivity low indi-
cates that the stronger neutron low corresponds to
effective porosity and not the noneffective porosity of
clay. This zone is a major inflow zone for the ambient
flow regime at the time of logging.

P. A major outflow in ambient flow clearly cor-
responds with the flow contact here, as indicated by
both flowmeter and temperature logs.

Q. Alllogs clearly and unambiguously show the
abrupt change in lithology indicated at this depth on
core.

R. The thin clay bed described here on core
closely correlates with the indication of that bed on the
televiewer log. This clay bed does not show a gamma
high and is just below a gamma low, the exact opposite
gamma log response expected from clay beds.

COMPARISON OF CONVENTIONAL
ACOUSTIC AND SHEAR SUPPRESSION
LOGS

Conventional acoustic logs provide measure-
ments of acoustic transit time, the inverse of compres-
sional velocity in the formation adjacent to the
borehole. The acoustic logging probe detects the
arrival of the acoustic signal at two receiver locations
uphole from the acoustic source. The difference in
arrival time is divided by the receiver separation to give
the transit-time expressed in microseconds per foot.
This measurement is designed to subtract out the “fluid
delay” associated with the propagation of the acoustic
signal from the source to the borehole wall, and from
the borehole wall to the receiver (Paillet and Cheng,
1991).

One of the most common sources of error in
acoustic logging is caused by errors known as “cycle
skips” related to the inability of the electronics in the

- logging probe to detect the first acoustic arrival. If

errors occur as isolated data points in the log, simple
curve smoothing and other techniques can be used to
correct the log. However, if such errors occur over sub-
stantial depth intervals, the acoustic log may give an
incorrect measurement of acoustic transit-time in the
formation. The proper functioning and especially the
correct detection of arrival times by the acoustic log-
ging system can be checked by recording the entire
waveform signal at each receiver during the logging.
The waveforms can be plotted and the arrivals indi-
cated by the plots used to compute transit times that can
be checked against those given by the acoustic logs.
Acoustic waveforms were recorded on a repeat
acoustic logging run over the interval from 1735 to
1800 feet in depth in borehole ANL-OBS-A-001. A
sample set of waveforms is illustrated in figure 8. The
waveforms clearly show the arrivals of both compres-
sional and shear waves at near and far receivers. The
compressional transit time computed from the arrivals
in the data give a value of 61.3 microseconds per foot.

16 Analysis of Well Logs for Borehole ANL-OBS-A-001 at the Idaho National Engineering Laboratory, Idaho



This value agrees exactly with that given by the log,
confirming the proper functioning of the acoustic log-
ging probe for this one data point.

Our analysis of the waveform data indicate that
the acoustic log gives effective measurements of com-
pressional transit time in all intervals where unfrac-
tured rock can conduct compressional waves along the
borehole from source to receiver. In those intervals
where fractures or basalt flow contacts attenuate the
acoustic signal, the acoustic logging probe may fail to
detect the first compressional arrival at one or both
receivers, causing the logging tool to give an incorrect
measurement of acoustic transit time. This result indi-
cates that the acoustic transit-time values given by the
acoustic logging probe can only be considered reliable
in the unfractured interior of individual basalt flow
units.

One of the important applications of acoustic log
data in analysis of the borehole ANL-OBS-A-001 data
is as a check on compressional and shear velocity mea-
surements obtained with another acoustic logging sys-
tem designed to provide data for use in surface seismic
interpretation. This logging system is designed to pro-
duce seismic waves (compressional and shear) at fre-
quencies and wavelengths closer to those of surface
seismic prospecting than those used in conventional
acoustic logging. This low-frequency tool is referred
to as a shear suspension logging systemn (Kitsunezaki,
1980). The characteristics of the shear suspension and
conventional acoustic logging systems are compared in
table 3. The compressional transit time given by the
conventional acoustic log and the shear suspension log
are compared for the 900-1140 foot interval in figure 9
and for the 1745-1775 foot interval in figure 10.

The transit time values given by the two logging
systems are nearly identical in figure 9. The data have
been depth-adjusted to match borehole conditions indi-
cated by the televiewer image log. The higher fre-
quency and smaller compressional wavelength of the
conventional log data result in the conventional transit-
time values being more sensitive to local borehole con-
ditions. At least some of this apparent sensitivity
results from cycle skipping in the vicinity of flow con-
tacts, fractures, and borehole wall enlargements attrib-
uted to other factors. Otherwise, the agreement
between the two independent measurements of acous-
tic transit time indicates that the values of compres-
sional velocity given by the logs are correct, while the
larger scale of investigation of the suspension log indi-
cates that the suspension log data are the more likely to

correspond with seismic velocities measured by con-
ventional seismic sounding than the conventional
acoustic log data.

No waveform data were obtained in the 900-
1140 foot depth interval because the set of waveform
data obtained in the 1740-1780 foot interval was con-
sidered adequate to check the correspondence between
shear values given by the conventional log waveform
analysis and the shear suspension log analysis. How-
ever, near receiver failure in the suspension logging of
the 1740-1780 foot interval made the analysis of the
suspension shear log data more difficult. Comparison
of the compressional transit-time data given by the sus-
pension log analysis (based on only the far receiver
waveform data) to the data given by the conventional
acoustic log analysis indicates a significant difference
in measured compressional transit times (fig. 10).
Inspection of the compressional wave data for the far
receiver shows that the farreceiver arrivals are not very
good in the shear suspension log data. The poor quality
of the compressional data may explain the differences
in the data in figure 10. Inspection of the conventional
log waveforms (fig. 8) indicates that definite compres-
sional arrivals can be identified in the data, and that the
transit times picked from the conventional acoustic
logging system waveforms agree exactly with those
given by the conventional acoustic log. This observa-
tion indicates that the acoustic arrival picking electron-
ics in the conventional acoustic logging system are
correctly determining compressional velocity in the
basalt. The waveforms obtained with the conventional
log also contain shear arrivals which can be compared
to the shear arrivals in the waveforms from suspension
log waveforms (fig. 11). In this analysis, the time scale
of the two waveforms is normalized using the source/
receiver separation and the average compressional
velocity:

T=t*Vy/D
where T is the normalized time (nondimensional), t is
the time scale on the waveforms in seconds, Vp is the
interval-averaged compressional velocity (16,313 ft/s)
in figure 9, and D is the source/receiver separation
(10.3 feet for the shear suspension log data and 2.0 feet
for the conventional acoustic log data). Because there
may have been some depth offset between the two dif-
ferent logs run at different times and using different
winch systems, the waveforms were selected for an
interval just below the bottom of casing (near 1745 feet
in depth) where both logs showed little variation in the
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kHz) and the shear suspension (5 kHz) logging systems for the depth interval from 900 to 1140.
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data with depth. In this approach, the vicinity of casing
serves as a definite reference point, and the lack of vari-
ation in the data with depth means that there will be lit-
tle error if there is a slight difference in depth scale.
The comparison of the two sets of waveforms
show that compressional arrivals occur at about the
same normalized time in each record, but that the shear
arrival is somewhat earlier in the conventional log data
(fig. 11). The shear suspension source is designed to
produce mostly shear propagation in the formation, but
the suspension source does excite a small compres-
sional wave. The difference in shear arrival time in the
two records is probably related to the physical mecha-
nisms of wave propagation stimulated by the two dif-
ferent source mechanisms. The conventional source
produces an axisymmetric (monopole) signal which
propagates as a series of guided wave modes along the
borehole. The shear arrival in the conventional acous-
tic waveform data represents a shear head wave, which
is known to propagate with a velocity exactly equal to
the shear velocity of the formation (Paillet and Cheng,
1986). The suspension logging system uses a nonsym-
metric (dipole) source which induces more of the
source energy to propagate as shear in the formation,
but where the wave motion consists of dispersive wave
pulses. The suspension log source excites the lowest
dipole mode, which is excited by frequency values in
the range of 3-8 kHz. The group velocity for these
modes is known to be slightly slower than the shear
velocity of the formation (Paillet and Cheng, 1991).
Model studies show that the shear arrivals given by
dipole logs give a useful relative estimate of shear
velocity, but these relative estimates must be increased
by an empirical factor of about 1.1 to give a true shear
velocity value. This mechanism probably explains the
difference between the two shear arrivals in figure 11.
Another approach to the evaluation of shear
velocity measurements is to use the ratio of compres-
sional to shear velocity, V/V, to estimate the Poisson
ratio, v, of the formation. The Poisson ratio is related

to the compressional and shear velocities of a forma-
tion by the equation (White, 1983):

v =(A-2)/[2%(A-1)] where A=V V2
Poisson ratio values for natural materials range from
0.5 for a liquid to about 0.4 for clay and shale to
between about 0.25 and 0.30 for crystalline rocks such
as basalt and granite. In the shear suspension log data
analysis, a compressional velocity of about 16,000 ft/s
typically corresponds with shear velocity ranging from

6,980 to 7,800 ft/s, corresponding to V/Vratios of 2.3
to 2.0. The average value of the ratio for the shear sus-
pension log data is about 2.2. In contrast, the conven-
tional acoustic log waveform analysis shown in figure
8 gives a V/V of 1.93. Therefore, the shear suspen-

sion log data estimate a Poisson ratio of 0.34 to 0.38
compared to a value of 0.315 from the conventional
acoustic waveform analysis. Although these are just
examples from a variable data set, the many compres-
sional and shear velocity values given by the suspen-
sion log analysis seem to correspond to Poisson ratio
values that are consistently greater than those expected
for basalt. This inconsistency could be explained by a
consistent underestimate of shear velocity in the forma-
tion.

SUMMARY

Geophysical well logs run under five different
casing conditions during the drilling and removal of
casing from borehole ANL-OBS-A-001 can be depth-
adjusted to provide a very good correlation with
detailed core descriptions. Borehole televiewer image
logs provide useful information regarding the details of
fractures and basalt interflow openings in situ, and
allow the proper positioning of fragmented core or
recovered core sections where short intervals have
been lost. Borehole flow logs indicate the specific fea-
tures described on core and indicated on geophysical
logs that are associated with inflow to and outflow from
the borehole under ambient hydraulic head conditions
under several different combinations of open and cased
hole intervals. Although conventional acoustic transit-
time logs provided little additional direct information
about formation lithology, the acoustic logs and a short
interval of acoustic waveform log data were useful in
evaluating the results from shear suspension logging.
The acoustic transit-time logs give measurements of
acoustic transit time that agree with those from the sus-
pension logging, except in the interval below 1735 in
depth where the near receiver data obtained in the sus-
pension logging were not reliable. However, compari-
son of waveforms obtained from the acoustic and
suspension logging probes indicates that shear velocity
estimated from the suspension log waveforms may
underestimate shear velocity in the formation if the dis-
persive effects of the dipole source in the suspension
logging system are not accounted for by relating mea-
sured wave group velocity to the actual shear velocity
of the formation.
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